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Abstract. This study analyses potential trends in river water temperature (Tw) over a period of 50 
years (1960–2009). The study area is located in the Raba catchment in the Polish Carpathians. The 
aim of the study was to evaluate long-term trends in daily Tw for each season of the year as well as 
to compare the direction of these trends for sites located some distance upstream and downstream 
from the Dobczyce Reservoir (DR), built in 1986 on the Raba River. For autumn and winter, 
increases in mean, median, and minimum Tw are significant for the downstream site (39 km from 
the DR), with a rate of change of 0.18–0.26 °C per decade. Contrasting results were obtained for the 
spring and summer seasons; significant increases (0.22–0.47 °C per decade) in mean, median, and 
maximum Tw were found for the upstream site, in concordance with seasonal air temperature 
trends, but a significant decrease in maximum Tw (–0.42 and –0.35 °C per decade, respectively) 
was identified for the downstream site. The revealed discrepancies in the direction of seasonal 
trends for the upstream and downstream sites studied suggest an anthropogenic impact on Tw 
downstream from the DR. Overall, a significant increase in summer Tw suggest the need for 
appropriate flowing water management that would mitigate adverse effects of climate warming on 
the fluvial environment. 

1 Introduction  
Water temperature (Tw) in streams and rivers is one of 
the most important determinants of aquatic life 
conditions. Tw regulates the rate of biological and 
chemical reactions affecting the growth, development, 
and survival of aquatic organisms as well as their 
distribution within a fluvial environment and across 
geographic regions [1]. Tw depends on heat exchange 
processes between a water body and its surroundings, 
that is, at the surface and bed of rivers [2]. The exchange 
of heat across the water surface is determined by short-
wave and long-wave radiation, evaporation, and 
conduction between water and ambient air; therefore, 
changing meteorological conditions such as air 
temperature, solar radiation, cloud cover, relative 
humidity, and wind speed induce changes in water 
temperature [2-3] to an extent dependent on insulating 
and buffering processes, which operate within a stream 
system [4]. 

The impact of climatic factors, mainly air 
temperature, on the functioning of aquatic ecosystems is 
extensively discussed in the context of progressive 
climate change [5-13]. The world-wide warming trend in 
mean surface air temperature of 0.12 °C per decade 
(1951–2012) [14] together with likely changes in 
precipitation [15] may create flow and thermal 
conditions unfavourable for native aquatic biota. As 

stream temperature measures the amount of heat energy 
per unit volume of water [4], hence even relatively short-
term (weekly, monthly) decreases in flow volume 
(induced by climatic or anthropogenic factors such as 
water withdrawal) can temporarily enhance a potential 
increase in Tw, with detrimental consequences for 
aquatic organisms. In particular, fish, aquatic 
ectothermic vertebrates [16], can tolerate only a certain 
temperature range [1] and respond rapidly to the 
temperature of their habitat; temperature can therefore be 
viewed as an ecological resource shared between three 
thermal guilds (cold, cool, and warm water fishes) [16]. 
A progressive increase in Tw will result in warmer 
fluvial conditions unsuitable for those native fish species 
which prefer colder water. In that case, even temperature 
variation produced by habitat heterogeneity [17] may be 
insufficient refuge for them.  

The impact of anthropogenic factors, including land 
use change and in-river impoundments, on the thermal 
regime of rivers has been well documented [18-23]. In 
particular, removal of vegetation (riparian or upland) 
makes small streams more prone to a rise in Tw due to 
their relatively low thermal capacity [4,24]. Dams alter 
downstream thermal conditions depending on their size, 
and operational mode and water release mechanism [20, 
22]. Downstream of dams with hypolimnetic (bottom 
layer) releases, the thermal regime is cooler in summer 
and warmer in winter, compared with the predam 
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conditions, affecting the populations and types of species 
present [22]. Hypolimnetic releases can deteriorate the 
synchronous behaviour of air and water temperatures 
and significantly modify water temperature dynamics in 
the downstream river reach [25-26]. Modelling results 
indicate that climate change impact will be more 
pronounced downstream of dams with epilimnetic 
(surface layer) water releases than with hypolimnetic 
releases [6]. 

 The aim of this study is: (1) to assess potential long-
term (50-year) trends in river water temperature for each 
season of the year; (2) to compare the direction of these 
trends for sites located some distance upstream and 
downstream from a relatively large reservoir with 
hypolimnetic water releases, which was built on a 
mountain river in the Polish Carpathians. As water 
temperature is regarded a fundamental ecological 
variable [27] an assessment of potential changes in Tw, 
especially long-term trends, appears necessary and vital. 
This should facilitate appropriate management of the 
river thermal regime – an integral part of environmental 
flow [27], with emphasis on remedial action mitigating 
adverse effects of climate warming on natural fluvial 
environments. Moreover, important differences in the 
direction of trends in water temperature for upstream and 
downstream sites can further underscore the usefulness 
of river reaches downstream from hypolimnetic dams 
(tailwaters) for desirable coldwater trout fisheries [28].  

2 Materials and methods 

2.1 Study area 

The research was conducted on the Carpathian river 
Raba, the right-bank tributary of the upper Vistula River 
in southern Poland (Fig. 1). From its source in the Gorce 
Mountains 780 m above sea level (a.s.l.) to its mouth 
180 m a.s.l., the Raba River is 132 km in length [29]. 
The Raba catchment covers an area of 1,537 km2 [29], 
with the highest peak (Turbacz: 1,310 m) being located 
in the Gorce Mountains, and the lowest elevation at the 
Raba River mouth. The rock layer underlying the Raba 
catchment is primarily composed of sandstone, shale, 
marl, loam, and gravel [30]. 

Climate conditions in the study area vary depending 
on location. In the lower-lying parts of the catchment, 
the air temperature is higher, with an annual average of 
6–8 ûC, and precipitation totals of 600–800 mm a year. 
The highest peaks in the Gorce Mountains are 
characterised by a cool climate with the annual mean air 
temperature below 4 ûC and annual precipitation totals 
reaching 1,200 mm. Precipitation totals increase as the 
elevation increases; however, this tendency is disturbed 
by the influence of mesorelief landforms [30]. 

The Raba catchment area is 57.6%  agricultural, 
while forest and developed land comprise 35.4% and 
6.2%, respectively, while water covers 0.8% [31]. A 
retention reservoir with a holding capacity of 125 mln 
m3 was built in 1986 on the Raba River [32]. The dam is 
30.5 m high, located at the 60.1 river kilometre, is 

equipped with a gated spillway and fixed, low-level 
intakes. The Dobczyce Reservoir (DR) is the main 
source of drinking water for the city of Cracow. Its 
function is flood prevention, and increasing base flows 
in the Raba River. The dam is also used for electric 
energy generation [32]. 

 

 

Fig. 1. Study area—the Raba River catchment with larger 
tributaries: (1) catchment boundary, (2) stream gauging sites. 

2.2 Data and methods 

2.2.1 Data 
The examined water temperature series consist of daily 
observations (at 6:00 Coordinated Universal Time, or 
CUT) made consecutively at two gauging sites (Stróża 
and Proszówki) situated on the Raba River (Table 1).  
The data for the years 1960–2009 (December 1959 – 
November 2009) were made available for research 
purposes by the Polish Institute of Meteorology and 
Water Management—the National Research Institute, 
and in some cases were obtained from Poland’s state-
published surface water yearbooks. The available water 
temperature series for Proszówki ends in 2009; this 
determined the time period studied. The sites Stróża and 
Proszówki are located along the upper and lower course 
of the Raba River, approximately 21 km and 39 km from 
the DR dam, respectively. Moreover, gridded data series 
of daily mean air temperature for Stróża and Proszówki 
for 1962–2009 (December 1961 – November 2009) were 
extracted from the high quality, homogenised 
CARPATCLIM Database © European Commission JRC 
[33] for comparison purposes. The data are available for 
the years 1961–2010 (January 1st to December 31st) only. 
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Table 1. Physical characteristics of the study sites [29] and 
descriptive statistics of daily water temperature (Tw) data for 

the 50-year period (1960–2009). 

Statistic Stróża site Proszówki site 

Latitude (N) 49°47'49'' 49°59'47'' 

Longitude (E) 19°55′29″ 20°26′18″ 

River length 
 (km) 80.6 21.5 

Drainage area  
(km2) 644.1 1470.4 

Median elevation  
(m) 581 423 

Mean catchment slope 
(–) 0.030 0.016 

Mean discharge  
(m3s–1) 10.10 17.02 

Minimum Tw  
(°C) 0.0 0.0 

Maximum Tw  
(°C) 22.2 24.8 

Median Tw  
(°C) 7.2 8.9 

Mean Tw  
(°C) 7.6 9.1 

Standard deviation of 
Tw (°C) 5.9 6.7 

2.2.2 Methods 
After visual inspection of daily temperature data, 
compiled in a Microsoft® Excel 2007 spreadsheet, a 
quality check was performed in order to identify 
spurious values.  Next, each series was arranged as the 
matrix Tki, where the index k (for row) represents a day 
of  the year (k = 1, ..., 366), and the index i (for column) 
represents a year (i = 1, ..., n), and n = 50. For the 
relevant rows of the matrix (1–91, 92–183, 184–275, 
276–366), arithmetic mean, median, minimum, and 
maximum values were calculated as n-element series 
{xi} for each season (winter–autumn) of the year (1960–
2009). Next, trend analysis was performed on each 
seasonal series separately in order to evaluate the 
strength of potential monotonic trends in seasonal 
temperature. The linear model of time trend was 
assumed in the form: x(t) = a·t + b, where a is the slope 
coefficient, b is the intercept, and t is time. The non-
parametric, 2-sided Mann-Kendall (MK) test [34-36] 
was used. The null hypothesis of no trend (H0: a = 0) 
was tested equivalently (H0: τ = 0), using Kendall’s rank 
correlation coefficient τ [36-38] at the significance level 
α: 0.05 (medium evidence) and 0.01 (strong evidence). 
The τ is expressed as:  
 
    𝜏𝜏 = !!

!(!!!)
         (1) 

   𝑆𝑆 = sign 𝑥𝑥! − 𝑥𝑥!!
!!!!!

!!!
!!!       (2) 

 

where S is Kendall’s S statistic, and sign(x) is the sign 
function. The magnitude of trends was determined using 
Theil-Sen's slope [36-38] as a robust estimate of the 
slope, with the slope and intercept defined as: 
 
     𝑎𝑎 = median !!!!!

!!!!!
, 𝑖𝑖 = 1,⋯ ,𝑛𝑛 − 1, 𝑗𝑗 = 𝑖𝑖 + 1,⋯ ,𝑛𝑛      (3) 

          𝑏𝑏 = median 𝑥𝑥! !!!! − 𝑎𝑎median 𝑡𝑡! !!!!            (4) 
 
No assumption of normality, but serial interdependence 
is required [36]. Therefore, the trend-free pre-whitening 
procedure (TFPW) [39] was applied to each data series. 

3 Results 
For water temperature, significant trends (p<0.05) were 
identified for each season of the year (Table 2). For 
autumn (September–November) and winter (December–
February), increases in mean, median, and minimum Tw 
were found for the downstream site only (Proszówki), 
with a rate of change of 0.22–0.26 °C per decade for 
autumn (Fig. 2), and 0.18–0.24 °C per decade for winter 
(Fig. 3). For spring (March–May), a significant increase 
in maximum Tw (0.47°C per decade) was identified for 
the upstream site (Stróża, Fig. 4a); in contrast, a 
significant decrease in maximum Tw (–0.42 °C per 
decade) was found for the downstream site (Fig. 4b), 
together with an increase in minimum Tw (0.03 °C per 
decade, Fig. 4c). For summer (June–August), increases 
in mean, median, and maximum Tw are significant for 
the upstream site (0.22–0.29 °C per decade, Figs. 5a–c); 
in contrast, a significant decrease in maximum Tw was 
identified for the downstream site (–0.35°C per decade, 
Fig. 5d). 

Table 2. Rate of change 𝑎𝑎 (°C decade–1) for water temperature 
(Tw) in each season of the year (1960–2009) based on 

Theil-Sen's slope estimation [37-38] with trend free pre-
whitening [39]. Statistical significance of the trends was 

evaluated via the 2-sided Mann-Kendall test [34-35]. 

Tw statistic 
Winter 
(Dec–
Feb) 

Spring 
(Mar–
May) 

Summer 
(Jun–
Aug) 

Autumn 
(Sep–
Nov) 

Mean 
(Stróża) 0.04 0.21 0.25* –0.08 

Median 
(Stróża) 0.00 0.14 0.22* 0.00 

Minimum 
(Stróża) 0.00 0.00 0.24 –0.04 

Maximum 
(Stróża) 0.30 0.47** 0.29** 0.06 

Mean 
(Proszówki) 0.24** –0.13 –0.10 0.22 

Median 
(Proszówki) 0.18** –0.21 –0.07 0.26* 

Minimum 
(Proszówki) 0.00 0.03* 0.00 0.22* 

Maximum 
(Proszówki) 0.29 –0.42* –0.35* 0.00 

* data significant at p<0.05; ** data significant at p<0.01. 
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Fig. 2. Autumn water temperatures (Tw) at Proszówki 
(downstream of the DR dam) for the 50-year period (1960–
2009) with significant trends shown in: (a) median Tw; (b) 
minimum Tw. 

 

Fig. 3. Winter water temperatures (Tw) at Proszówki 
(downstream of the DR dam) for the 50-year period (1960–
2009) with significant trends shown in: (a) mean Tw; (b) 
median Tw. 

In order to explain the detected differences in 
seasonal Tw, analogous trend analysis was performed for 
seasonal air temperature (Ta) for the period 1962–2009. 
As listed in Table 3, significant trends (p<0.05) were 
found for each season of the year except autumn. All 
seasonal trends in Ta were increasing, and highly 
consistent for both the upstream and downstream sites. 

 

Fig. 4. Spring water temperatures (Tw) for the 50-year period 
(1960–2009) with significant trends shown in: (a) maximum 
Tw at Stróża (upstream of the DR dam); (b)–(c) maximum and 
minimum Tw at Proszówki (downstream of the DR dam), 
respectively. 

 

Table 3. Rate of change 𝑎𝑎 (°C decade–1) for gridded air 
temperature (Ta) in each season of the year (1962–2009) based 

on Theil-Sen's slope estimation [37-38] with trend free pre-
whitening [39]. Statistical significance of the trends was 

evaluated via the 2-sided Mann-Kendall test [34-35]. 

Tw statistic 
Winter 
(Dec–
Feb) 

Spring 
(Mar–
May) 

Summer 
(Jun–
Aug) 

Autumn 
(Sep–
Nov) 

Mean 
(Stróża) 0.48* 0.37** 0.44** 0.10 

Median 
(Stróża) 0.45 0.30* 0.47* 0.19 

Minimum 
(Stróża) 0.87* 0.68 0.42* –0.13 

Maximum 
(Stróża) 0.70* 0.30 0.53** 0.12 

Mean 
(Proszówki) 0.52* 0.38** 0.46** 0.12 

Median 
(Proszówki) 0.42 0.37** 0.48** 0.22 

Minimum 
(Proszówki) 0.75 0.52 0.45* –0.11 

Maximum 
(Proszówki) 0.79* 0.18 0.52* 0.06 

* data significant at p<0.05; ** data significant at p<0.01. 
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Fig. 5. Summer water temperatures (Tw) for the 50-year period 
(1960–2009) with significant trends shown in: (a)-(c) mean, 
median, and maximum Tw at Stróża (upstream of the DR 
dam); (d) maximum Tw (+original series, x pre-whitened 
series) at Proszówki (downstream of the DR dam), resp. 

Increases in mean, minimum, and maximum Ta 
during the winter (0.48–0.87 °C per decade) were 
followed by increases in mean and median Ta during the 
spring (0.30–0.37 °C per decade). For summer, 
increasing trends were found for each of the investigated 
series, that is, for mean, median, minimum, and 
maximum air temperature, with a rate of change of 0.42–
0.53 °C per decade. Furthermore, monotonic trend 
analysis was repeated for seasonal water temperature 
relating to two consecutive time periods before and after 
the construction of the DR complex (1960–1985, and 
1986–2009). At the upstream site, an increase in 
minimum winter Tw (0.05 °C per decade, strong 
evidence) as well as a decrease in maximum autumn Tw 
(–0.98 °C per decade) were found  for 1960–1985, while 
a considerable increase in maximum spring Tw (1.44 °C 
per decade, strong evidence) was followed by increases 
in mean and median Tw (0.65–0.70 °C per decade) for 
the summer of 1986–2009 (Table 4). At the downstream 
site, no trend in Tw was found for 1960–1985 (Table 5); 

Table 4. Rate of change 𝑎𝑎  (°C decade–1) for water temperature 
(Tw) at Stróża. See details in caption of Table 2. 

1960–1985 

Tw statistic 
Winter 
(Dec–
Feb) 

Spring 
(Mar–
May) 

Summer 
(Jun–
Aug) 

Autumn 
(Sep–
Nov) 

Mean  –0.21 –0.36 –0.29 –0.57 

Median  –0.08 –0.67 –0.30 –0.25 

Minimum  0.05** 0.00 0.00 –0.22 

Maximum  –0.80 0.00 –0.38 –0.98* 

1986–2009 

Tw statistic 
Winter 
(Dec–
Feb) 

Spring 
(Mar–
May) 

Summer 
(Jun–
Aug) 

Autumn 
(Sep–
Nov) 

Mean  –0.05 0.56 0.65* 0.36 

Median  –0.10 0.58 0.70* 0.39 

Minimum  0.00 0.00 0.62 0.00 

Maximum  0.00 1.44** 0.53 0.49 

* data significant at p<0.05; ** data significant at p<0.01. 

Table 5. Rate of change 𝑎𝑎  (°C decade–1) for water temperature 
(Tw) at Proszówki. See details in caption of Table 2. 

1960–1985 

Tw statistic 
Winter 
(Dec–
Feb) 

Spring 
(Mar–
May) 

Summer 
(Jun–
Aug) 

Autumn 
(Sep–
Nov) 

Mean  0.07 –0.03 –0.07 –0.31 

Median  0.00 –0.23 –0.13 0.00 

Minimum  0.00 0.00 –0.25 –0.38 

Maximum  0.00 0.81 –0.25 0.17 

1986–2009 

Tw statistic 
Winter 
(Dec–
Feb) 

Spring 
(Mar–
May) 

Summer 
(Jun–
Aug) 

Autumn 
(Sep–
Nov) 

Mean  0.21 –0.08 –0.25 0.85** 

Median  0.13 0.30 –0.04 0.83 

Minimum  0.00 0.42 0.27 0.85 

Maximum  –0.23 –0.91 –1.32** 0.47 

* data significant at p<0.05; ** data significant at p<0.01. 
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on the other hand, a decreasing trend in maximum 
summer Tw (–1.32 °C per decade, strong evidence) was 
followed by an increase in mean autumn Tw (0.85 °C 
per decade, strong evidence) for 1986–2009. 

4 Discussion 
On the basis of an exemplary mountain river with a long-
term (50-year) record of temperature measurements (for 
the period 1960–2009), the obtained results suggest that 
water temperature tends to be progressively higher 
during the spring (maximum values of Tw shown for the 
upstream site, Fig. 4a), as well as during the summer 
(mean, median, and maximum values of Tw shown for 
the upstream site, Figs. 5a–c). Such increasing 
tendencies are consistent with the increasing trends 
found in spring and summer air temperature (Table 3) 
for 1962–2009 at both studied sites, and for spring and 
summer Tw for 1986–2009 at the upstream site (Table 
4). Increasing trends in spring Tw are in line with results 
obtained for a 30-km2 catchment in Scotland over the 
period 1968–1997 [40]. Moreover, increasing summer 
Tw can also be associated with diminished summer river 
flow in the Raba catchment for 1985–2014 [41]. If these 
tendencies continue, the created thermal conditions will 
likely be unsuitable for native, coldwater fish (e.g. 
salmonids) inhabiting the Raba River [42]. Conversely, 
increasing trends in spring and summer Tw are absent 
for the downstream site (approx. 39 km from the DR 
dam with hypolimnetic releases), and even decreasing 
trends are present for 1960–2009 (maximum values, Fig. 
4b and 5d, respectively) and 1986–2009 (maximum 
summer values, Table 5). Other differences in seasonal 
Tw at the upstream and downstream sites exist as well, 
including significant increases in autumn and winter Tw 
(mean, median, and minimum values, Figs. 2, 3) for 
1960–2009, as well as for 1986–2009 (mean autumn Tw, 
Table 5) at the downstream site only. While increasing 
trends in winter Tw (mean and median values, Fig. 3), in 
line with [40], could partly be explained by increasing 
trends in winter Ta (Table 3), no trends in autumn air 
temperature were noted for either site (Table 3) for 
1962–2009. On the other hand, these discrepancies can 
be explained by the well-documented impact of dams 
with hypolimnetic releases, which tend to create warmer 
conditions in autumn and winter, but cooler conditions in 
spring and summer [22, 43]. It appears that cooler 
conditions shaped by the DR dam compensate for an 
increase in spring and summer Tw downstream. 

It is also apparent that the magnitude and/or direction 
of hydro-climatic trends depend on dynamic interactions 
between numerous factors acting on river catchments. 
Specifically, land use and land cover changes (LULCC) 
are common in the Carpathians due to a major shift in 
land use after 1990, leading to farm abandonment and 
forest expansion [44]. According to CLC mapping (data 
available for the years 1990, 2000, 2006, and 2012), the 
same direction of LULCC occurred in the Raba 
catchment over the period 1990–2012. For the Stróża 
and Proszówki subcatchments, increases in the surface 
area of developed land (4.0 and 4.2%, respectively)  and 

forest cover (4.4 and 3.3%, respectively) occurred at the 
expense of agricultural land; both change factors are of a 
similar magnitude, but detailed analyses are needed in 
order to quantify their effects on water and air 
temperatures as well as river flow. 

On the whole, the identified increasing trends in 
spring and summer water temperature should facilitate 
adaptive management of the thermal regime of the Raba 
River upstream from the DR dam in order to mitigate 
adverse effects of climate warming on this natural fluvial 
environment. In addition, important differences in the 
direction of trends in water temperature for the upstream 
and downstream sites indicate the usefulness of the 
39-km downstream river section of the DR dam for 
coldwater trout fishery production [28]. 

5 Conclusions 
In the herein described analysis pertaining to changing 
thermal conditions in a mountain river, long-term (50-
year) trends in river water temperature for each season of 
the year (1960–2009) were found. The direction of these 
trends differs for sites located some distance upstream 
and downstream from a relatively large manmade 
reservoir with hypolimnetic water releases. For the 
upstream site, Tw tends to be progressively higher in 
spring (maximum values) and summer (mean, median, 
and maximum values), in concordance with seasonal air 
temperature trends. This implies the need for appropriate 
flowing water management that would mitigate adverse 
effects of climate warming on the fluvial environment. 

For the downstream site, Tw tends to be higher in 
autumn and winter (mean, median, and minimum 
values), but lower in spring and summer (maximum 
values). The identified differences point to an 
anthropogenic impact on river water temperature 
downstream from the Dobczyce Reservoir. On the other 
hand, this creates opportunities for using the 39-km river 
reach below the DR dam as a natural trout fishery, 
provided that the DR dam is managed adaptively for 
changing climate conditions. 

This work was supported by the Polish Ministry of Science and 
Higher Education (grant no. Ś1/194/2017/DS task 4). 
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